Mycobacterium tuberculosis infections cause 9 million new tuberculosis cases and 1.5 million deaths annually 1 . To identify variants conferring risk of tuberculosis, we tested 28.3 million variants identified through wholegenome sequencing of 2,636 Icelanders for association with tuberculosis (8,162 cases and 277,643 controls), pulmonary tuberculosis (PTB) and M. tuberculosis infection. We found association of three variants in the region harboring genes encoding the class II human leukocyte antigens (HLAs): rs557011[T] (minor allele frequency (MAF) = 40.2%), associated with M. tuberculosis infection (odds ratio (OR) = 1.14, P = 3.1 × 10 −13 ) and PTB (OR = 1.25, P = 5.8 × 10 −12 ), and rs9271378[G] (MAF = 32.5%), associated with PTB (OR = 0.78, P = 2.5 × 10 −12 )-both located between HLA-DQA1 and HLA-DRB1-and a missense variant encoding p.Ala210Thr in HLA-DQA1 (MAF = 19.1%, rs9272785), associated with M. tuberculosis infection (P = 9.3 × 10 −9 , OR = 1.14). We replicated association of these variants with PTB in samples of European ancestry from Russia and Croatia (P < 5.9 × 10 −4 ). These findings show that the HLA class II region contributes to genetic risk of tuberculosis, possibly through reduced presentation of protective M. tuberculosis antigens to T cells.
loss-of-function variants, 157,106 missense variants and 28,113,695 other variants, yielding class-specific Holm-Bonferroni genome-wide significance thresholds of 2.8 × 10 −6 for loss-of-function variants, 1.1 × 10 −7 for missense variants and 5.9 × 10 −10 for other variants.
Using these criteria, several sequence variants in the HLA region on chromosome 6p21 showed genome-wide significant association ( Table 2 , Fig. 1, Supplementary Tables 2 and 3 and Supplementary  Fig. 1 ). The strongest association was between rs557011[T] (MAF = 40.2%), located between HLA-DQA1 and HLA-DRB1, and M. tuberculosis infection (P = 3.1 × 10 −13 , OR = 1.14) and PTB (P = 5.8 × 10 −12 , OR = 1.25). rs9271378 [G] (MAF = 32.5%), also located between HLA-DQA1 and HLA-DRB1 ( Fig. 1) , associates with reduced risk of PTB (P = 2.5 × 10 −12 , OR = 0.78). Finally, the missense variant p.Ala210Thr (MAF = 19.1%, rs9272785) in exon 4 of HLA-DQA1 associates with M. tuberculosis infection (P = 9.3 × 10 −9 , OR = 1.14). p.Ala210Thr corresponds to the classical HLA-DQA1*03 superallele. Three missense variants-p.Thr49Ser (rs1048023), p.Gly79Arg (rs12722072 and rs12722074) and p.Met99Val (rs1064944)-that, along with p.Ala210Thr, define HLA-DQA1*03, did not align to the reference sequence. These variants were called by separately aligning each exon to one of the haplotypes found in GATK HLA Caller 8 and imputing for HLA typing (Online Methods). The variants correlated perfectly (r 2 ≥ 0.99) with rs9272785 (p.Ala210Thr) and showed identical association ( Table 2 ). The HLA-DQA1*03 superallele (p.Ala210Thr-p.Thr49Ser-p.Gly79Arg-p.Met99Val) and the two noncoding variants are moderately correlated (pairwise r 2 0.11-0.35) (Supplementary Table 4 ). The association of each of the two noncoding variants remained significant when conditioned on the other, and p.Ala210Thr remained significant when conditioned on rs9271378 but not rs557011 (Supplementary Table 5 ). No sequence variant was significantly associated with TB as a whole, but rs557011 (P = 3.7 × 10 −9 , OR = 1.15) and rs9272785 (P = 2.3 × 10 −9 , OR = 0.86) still represent the top signals with consistent direction of effect.
We followed up the three sequence variants identified in Iceland in PTB samples from Russia (5,530 cases and 5,607 controls) and Croatia (438 cases and 1,009 controls). HLA-DQA1*03 (represented by p.Ala210Thr) and the two noncoding variants associate with PTB in the Russian sample (P < 5.4 × 10 −4 ), and rs557011 associates with PTB in the smaller Croatian sample (P = 0.0074). All three variants show a consistent direction of effect ( Table 3) . The ORs for rs557011 and rs9272785 were lower in the Russian sample than in the Iceland data (P < 0.011).
To better understand the effect of the variants, we compared PTB and TB cases to M. tuberculosis-infected individuals without TB, as well as nonpulmonary TB cases and M. tuberculosis-infected individuals to population controls ( Table 4) . HLA-DQA1*03 and rs557011 were both associated with M. tuberculosis infection in the absence of TB disease (P = 1.1 × 10 −7 and 2.5 × 10 −6 , respectively), but not with TB disease (P > 0.13). rs557011 was associated with PTB (P = 0.0035) among M. tuberculosis-infected individuals, whereas HLA-DQA1*03 was not (P = 0.063). This pattern was inverted for rs9271378, which showed no association for M. tuberculosis infection in the absence of TB (P = 0.20) and a significant association for infection with disease (P = 0.0035 for TB and P = 3.7 × 10 −6 for PTB) among M. tuberculosis-infected individuals. For all the variants, the association with nonpulmonary TB was weaker than for PTB, possibly owing to greater phenotypic heterogeneity among nonpulmonary TB cases. Microbiologically confirmed PTB cases and TB cases were also tested for association. All three variants were associated more strongly with microbiologically confirmed cases (Supplementary Table 6 ). We used TST positivity as a surrogate for M. tuberculosis infection, recognizing that it is not a perfect surrogate, as environmental mycobacteria may also cause TST positivity. TST reactivity was reported to be controlled by the TST1 locus (named after impact on TST reactivity) at 11p14 and the TST2 locus at 5p15 in a hyperendemic area in South Africa 9 , and in a low-endemic area in France, TST negativity was recently shown to be controlled by a chromosomal region at 11p14-15, close to the TST1 locus and overlapping with the TNF1 locus 10 . We therefore tested the effects of the TB-associated variants reported here with TST negativity (Supplementary Table 1 ) and found no association (P > 0.05).
We tested imputed HLA alleles of six classical HLA genes (HLA-A, HLA-B, HLA-C, HLA-DQA1, HLA-DQB1 and HLA-DRB1) for association with PTB, TB and M. tuberculosis infection (Supplementary Table 7 ). Of these, the HLA-DQA1*03:01 allele showed the strongest association. However, the associations of rs9271378 and rs557011 could not be fully explained by the available HLA alleles (Supplementary Table 8 ). This suggests that either the association is with an HLA allele that was not well imputed or the association is not driven by a classical HLA allele, with the possible exception of l e t t e r s npg l e t t e r s HLA-DQA1*03:01. Given that the strongest PTB association is with rs9271378, the possible involvement of other genes in that region cannot be excluded. The TB-associated variants were correlated with high or low expression of HLA-DQA1, HLA-DQB1 and/or HLA-DRB1 in white blood cells; other variants in the region are more strongly correlated with expression levels of these genes but had weaker associations with TB in our study 11 (Supplementary Table 9 ). SNPs in the ASAP1 gene on chromosome 8q24 have been associated with PTB in Russian individuals 12 . However, in Icelanders, these SNPs were not associated with PTB (rs10956514[G] P = 0.66, OR = 0.99) (Supplementary Table 10 ). Previously, a genomewide association scan (GWAS) in African samples from Ghana and the Gambia yielded common variants associating with PTB: rs4331426[G] (OR = 1.19, MAF = 44%) at 18q11 and rs2057178 [G] , located downstream of the WT1 gene on chromosome 11p13 (OR = 0.77, MAF = 32%) 13, 14 . We tested these variants for association in the Icelandic data and found that both variants were rarer and had smaller effects than in the African populations (Supplementary Table 10 ). These results resonate with findings of TB GWAS in South African 15 and Russian 12 populations, which did not show TB association with rs4331426 on chromosome 18q11 but detected association of rs2057178 on chromosome 11p13. No SNPs in the HLA region were reported to have a genome-wide significant association with TB in the African samples; the most suggestive associations in the region were found with rs9469220 in HLA-DQA1 (P = 0.002, OR = 1.15) and rs9272346 (P = 0.022, OR = 1.10). In the Icelandic data, rs9469220[A] (MAF = 38.8%) showed association with PTB (P = 1.1 × 10 −5 , OR = 0.86) and correlated weakly with our top PTB signal rs9271378 (r 2 = 0.23). By contrast, rs9272346 [A] was not associated with TB in our data (P > 0.21). The lack of replication of previously reported variants could be due to phenotypic heterogeneity; differing BCG vaccination rates; differences in exposure to environmental mycobacteria and/or the predominant circulating M. tuberculosis strains; or different linkage disequilibrium to causal variants. This may cause effects of variants to vary between populations, affecting statistical power to detect their association, in addition to the possibility of a spurious initial finding. Here we demonstrate genome-wide significant association of rs557011 [T] and rs9271378 [G] , located between HLA-DQA1 and HLA-DRB1, and of rs9272785 (p.Ala210Thr), in HLA-DQA1, with TB phenotypes in Iceland and replication in Russian and Croatian samples.
However, it should be kept in mind when attempting to transfer results to other populations that effect sizes are likely to vary based on the case composition.
Our study suggests that the DQA1*03 allele may contribute to TB. DQA1*03 is a well-known risk factor for gluten-sensitive enteropathy celiac disease as part of the DQA1*03-DQB1*03:02 haplotype, encoding DQ8, and trans-DQA1*03:01 and DQB1*02:01, encoding DQ2.3 (ref. 16 ). DQ8 and DQ2.3 bind gliadin peptide T cell epitopes, providing functional evidence for the contribution of DQA1*03 to the pathogenesis of the disease 17, 18 . DQA1*03 also increases susceptibility to type 1 diabetes 19 and other autoimmune diseases 20, 21 . Many M. tuberculosis-derived epitopes are recognized by HLA-restricted CD4 + and CD8 + T cells in humans infected with M. tuberculosis 22 . In latent TB infection, the CD4 + T cells recognizing M. tuberculosis epitopes are confined to the CXCR3 + CCR6 + type 1 helper T (T H 1) cell subset 23 , and high reactivity is associated with recognition of a few discrete dominant antigenic regions 24 . The ability of containing a DQA1*03:01-encoded α-chain HLA molecules to present dominant epitopes of critical protective M. tuberculosis antigens is unknown. Cell-surface expression of HLA-DQ alleles varies extensively, indicating an allelic hierarchy in the intrinsic stability of HLA-DQ molecules 25 ; DQ8, containing a DQA1*03:01-encoded α-chain, is among the most unstable DQ molecules. Alterations in disease-associated amino acids located outside of the peptide-binding groove regulate the stability of DQ molecules 25 . The p.Ala210Thr-encoding variant is in exon 4 and encodes the transmembrane region of the DQA1 chain, whereas the p.Thr49Ser, p.Gly79Arg and Significant heterogeneity was observed between the non-Icelandic and Icelandic samples for rs557011 (P = 0.016) and rs9271378 (P = 0.0024) but not for DQA1*03 (P = 0.21). The heterogeneity is driven by the difference between the Icelandic and the Russian samples.
npg l e t t e r s p.Met99Val missense variants are encoded from exon 2, in the vicinity of αβ-chain dimerization interfaces at each end of the peptide binding groove 26, 27 , and may affect peptide binding. Furthermore, the DQ8 molecule containing a DQA1*03:01-encoded α-chain interacts poorly with HLA DM-which has a critical role in peptide loading during antigen presentation-resulting in reduced loading and DM editing of antigenic peptides 26, 28 . Surface expression HLA class II peptide complexes on antigen-presenting cells is also regulated by ubiquitination, which affects their assembly, endocytosis, recycling and turnover 29 . The noncoding variants rs557011 and rs9271378 do not overlap with known biologically relevant regions (Supplementary Note). However, a correlated marker, rs1846190 (r 2 = 0.81 with rs557011), is located in an enhancer site in CD4 + CD25 − IL-17 + T cells 30 , and in a CTCF binding site that seems to regulate HLA-DRB1 expression in lymphoblastoid cell lines 31 . It is conceivable that DQA1*03 and the missense variants contribute to the risk of M. tuberculosis infection and TB disease through reduced stability of molecules containing DQA1*03 and poor presentation of critical M. tuberculosis antigens, resulting in poor activation of protective T cells. The effects of the TB-associated variants on mRNA of DQA1*03 and its surface expression in antigen-presenting cells have not been studied.
The HLA region has a key role in immune responses, is associated with infections 32 and autoimmune 33, 34 diseases, and has been the focus of many tuberculosis candidate gene studies yielding conflicting results 35 . We found sequence variants, located in HLA-DQA1 and between HLA-DQA1 and HLA-DRB1, that associate with TB. rs557011 was associated with PTB and seems to confer susceptibility to both M. tuberculosis infection and risk of development of TB disease. By contrast, rs9271378 does not associate with M. tuberculosis infection but protects against development of TB disease in M. tuberculosis-infected individuals. For all variants, the effects on PTB were the strongest.
URLs. Allele Frequency Net Database, http://www.allelefrequencies. net; GATK HLA Caller database, http://www.broadinstitute. org/gatk.
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Template DNA fragments were hybridized to the surface of flow cells (GA PE cluster kit (v2) or HiSeq PE cluster kits (v2.5 or v3)) and amplified to form clusters using the Illumina cBot. In brief, DNA (2.512 pM) was denatured, followed by hybridization to grafted adapters on the flow cell. Isothermal bridge amplification using Phusion polymerase was then followed by linearization of the bridged DNA, denaturation, blocking of 3′ ends and hybridization of the sequencing primer. Sequencing-by-synthesis (SBS) was performed on Illumina GAIIx and/or HiSeq 2000 instruments. Paired-end libraries were sequenced at 2 × 101 (HiSeq) or 2 × 120 (GAIIx) cycles of incorporation and imaging using the appropriate TruSeq SBS kits. Each library or sample was initially run on a single GAIIx lane for QC validation followed by further sequencing on either GAIIx (four lanes) or HiSeq (one lane) with targeted raw cluster densities of 500-800 k/mm 2 , depending on the version of the data imaging and analysis packages (SCS2.6-2-9/RTA1.6-1.9, HCS1.3.8-1.4.8/RTA1.10.36-1.12.4.2). Real-time analysis involved conversion of image data to base-calling in real-time.
Generation of whole-genome genotype data. SNP and indel calling from the whole-genome sequence data of the 2,230 Icelanders and generation of imputed genotypes has been described previously 39 (Supplementary Note). Briefly, the genotypes identified were imputed into chip-genotyped and long-range phased Icelanders. Probabilities of genotypes were furthermore predicted for relatives of chip-typed individuals.
HLA typing. For each of the six genes, the most common alleles present in the Icelandic population were selected from the Allele Frequency Net Database using the most ethnically related populations: Norway and Ireland. The exonic sequences of the alleles were downloaded from the Broad Institute's HLA reference (http://www.broadinstitute.org/gatk/media/docs/HLA_ REFERENCE.zip).
We genotyped in silico a set of 2,615 whole-genome-sequenced (WGS) individuals. For each sequenced individual we selected reads that either (i) mapped to the public reference sequence using BWA or (ii) were unmapped by BWA and could be aligned to one of the haplotypes found in the GATK/HLA Caller database.
For every gene genotyped we align each read in this set to each exon separately. We consider a read to belong to a given haplotype if: (i) the read can be aligned to the exon from GATK with no mismatches or indels, allowing for the possibility that the read only partially overlaps the exon as long as the overlap is at least 40 bp and the overlap does not introduce a mismatch or an indel, or (ii) the mate of this read can be aligned to some sequences occurring within ± 1,000 bp from the exon using BWA default parameters.
If a read r aligns to an exon of allele A, we arbitrarily say that P(r|A) = 1 − PE, and if r does not align to A we set P(r|A) = PE. We arbitrarily choose PE = 0.001 and have P(r|A) = 0.9999 for reads r that align to the superallele A, and P(r|A) = 0.001 for reads r that do not align to the superallele A. If we let R be the set of reads and assume independence of reads and the two alleles carried by an individual, we can then compute The HLA alleles were imputed into the Icelandic sample set as previously described for genotypes 39 .
To check the accuracy of the imputation, at least three individuals carrying each haplotype were HLA typed for the six genes using All-Set TM Gold SSP (Life Technologies, DQA1, DQB1, DRB1, HLA-A high-resolution typing; HLA-B and HLA-C low-resolution typing).
Accuracy between imputation and wet-lab genotyping was 90-99% and frequency weighted correlation was 95-99.6% (Supplementary Table 11 ; accuracy was 0.989 for DQA1).
Genotyping of single variants. Single SNP genotyping of rs9271378 and rs9272785 in the Croatian sample set was carried out by deCODE Genetics in Reykjavik, Iceland, applying the Centaurus (Nanogen) platform 40 . Sanger sequencing of rs557011 in the Croatian sample set was performed by deCODE Genetics. 
